Abstract Cobalt catalysts with CeO 2 support, unpromoted and promoted with potassium were prepared by an impregnation method. Reduced catalysts were subjected to hydrogen chemisorption at different temperatures in the range of 313-453 K. Studies have shown that calculated Co crystallites size depends on the temperature of chemisorption. The average of size crystallites of the Co active phase obtained from the total and strong chemisorption data were compared with those from measurements by other techniques, TEM and XRD. The results of comparison allowed us to indicate the most suitable chemisorption temperature, different for unpromoted (383 K) and potassium-promoted (413 K) catalysts to determine the proper Co crystallites size of active phase, compatible with the crystallites size determined by the most objective method, i.e. by TEM measurements. In the case of small metal crystallites of active phase (4-5 nm) the divergence of their average size determined by hydrogen chemisorption and TEM methods and particularly by the XRD method is definitely higher than that in the case of larger crystallites (~12 nm).
can significantly influence on obtained results. More than 40 years ago Bartholomew et al. [23] [24] [25] show that the chemisorption of hydrogen over cobalt catalysts with various supports (SiO 2 , Al 2 O 3 , C, MgO, ZSM-5, TiO 2 ) and over unsupported cobalt is activated and highly reversible. The activation was a function of the interaction of cobalt with a support or promoter. Frequently used in catalysis, potassium promoter significantly increased the adsorption activation energy for hydrogen [26] . It is also proved that some methods for determining the hydrogen uptake, i.e. flow adsorption methods such as thermal desorption and pulse methods, measure only irreversible (strong) chemisorption [23, 27] . No hydrogen desorption was detected for MgOand ZSM-5-supported and low-loaded (1-3 wt.%) aluminasupported cobalt catalysts using TPD method, even though those catalysts adsorbed hydrogen when the static technique was applied [23, 24] . The special case is the Co/TiO 2 system, where due to the strong metal-support interactions the stoichiometry of hydrogen chemisorption is lower than one hydrogen atom per surface cobalt atom, even in static measurements. With exception of the cobalt systems in which the strong metal-support interactions take place, the static technique was recommended for estimation of the average size of cobalt crystallites on the basis of maximal hydrogen chemisorption uptake, usually at 373 K. A good correlation with TEM measurements was found for the Co/SiO 2 , Co/γ-Al 2 O 3 and Co/C catalysts. The paper [9] also shows that the volume of chemisorbed hydrogen (including strong and weak chemisorption) on the CoRe/γ-Al 2 O 3 catalyst varies with the temperature of chemisorption, and the use of different data leads to the determination of different average size of crystallites, even though the actual crystallites size remains unchanged. They obtained the best results when the total chemisorption uptake measured at 373 K was used for cobalt dispersion calculation. In the current literature, there is a large discrepancy between conditions and a manner of hydrogen chemisorption measurements, from which data are used to determine the average size of crystallites and dispersion of the metallic cobalt phase deposited on an oxide support. Although those, already old, recommendations, only in the 2015-beginning of 2016 period the much lower temperature, 293-323 K, of hydrogen chemisorption [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] and flow adsorption pulse and TPD methods [32] [33] [34] [35] [36] [37] are used in many laboratories. The higher, 423 K, temperature of hydrogen chemisorption was also applied in the pulse method for estimation of the average size of cobalt crystallites [33] .
From three methods (hydrogen chemisorption, TEM and XRD) used for crystallites size determination, only TEM shows distinct advantages for the direct measurement of crystallites size in comparison with other methods, because the metal active phase crystallites can be quite clearly distinguished from the catalyst support and directly measured. Additionally to the crystallite diameters measurement, TEM
Introduction
Heterogeneous catalysts through their irreplaceable role in chemicals and fuels production constitute a high interest research topic [1] . In such catalytic processes as the steam reforming of ethanol (SRE) [2] or the Fischer-Tropsch synthesis (FTS) [3, 4] , besides operating conditions, the use of suitable catalyst plays a crucial role in achieving selective, efficient and economically profitable process [2, 5, 6] . The commonly used in the FTS or proposed for the SRE heterogeneous catalysts are cobalt-based ones [2] [3] [4] [5] [6] [7] , usually highly dispersed on inorganic oxide supports [8] , which show a high activity and stability, relatively low cost and a high selectivity for the most desirable reaction products [9] . Among supports of the active phase, cerium oxide was used very often in various catalytic systems [3, 10, 11] . Ceria is characterized by a high oxygen transport and its storage capacity, by shifting between Ce 3+ and Ce 4+ under reductive-oxidative conditions [12, 13] . Due to these properties, cerium oxide shows a high affinity for H 2 and CO molecules [3] , and thereby, an activity in various catalytic reactions such as water gas shift, oxidation of hydrocarbons or oxidation of CO [10, 13] . Ceria is also widely used in supported catalysts proposed to the SRE [14] [15] [16] .
The catalytic properties of catalysts depend on their key parameters, such as crystallites size, structure and morphology [17] . Dispersion (and the average size) of the metallic active phase is one of the most important parameters characterizing the heterogeneous catalysts [8] , which are essential for the activity, selectivity and stability of catalytic processes. The catalytic activity of a supported catalysts depends on the degree of dispersion of the metallic active phase and its active surface area [8, 18] , and it usually increases with increasing dispersion of metal and decreasing its crystallites size [18] . On the other hand, the crystallites shape and their size distribution are important for mechanism of catalytic reaction, which dependents on the crystal faces exposed at the surface [19] .
The crystallites size of metallic active phase are usually determined by hydrogen chemisorption, X-ray diffraction (XRD) or TEM (Transmission Electron Microscopy) [8, 17, [20] [21] [22] , but sometimes different results are found from various methods for the same catalyst. The differences in measurements of the crystallites size can result from methods limitation. In the case of various active phases, limitations of the XRD measurements can result from the fact that XRD does not measure the smallest particles. The measurement limitations can also concern hydrogen adsorption capacity which can be diminished by strong metal-support interactions [9] .
The evaluation of dispersion of the active phase, on the basis of hydrogen chemisorption data is a common, simple and cheap method. However, literature show that temperature of hydrogen chemisorption measurements ambient to 673 K with the heating rate of 10 K/min. The 673 K temperature was maintained for 1 h. After reduction, the samples were evacuated for 2 h at the reduction temperature. Then, under the vacuum of 3.8 × 10 −7 Pa, the catalyst samples were cooled down to the temperature of chemisorption. Hydrogen chemisorption isotherms were measured in the range of 313-433 or 453 K and in the pressure range of 15-475 mmHg. Subsequently, the sample of catalyst was evacuated for 30 min, keeping the constant temperature (the same at which the first isotherm was taken), and the second isotherm of weak chemisorption was recorded. The strong chemisorption isotherm of hydrogen was calculated as a difference of the first (total) and the second (weak) isotherms. For measurements of the chemisorption isotherms at various temperatures always the new catalyst sample was used. The uptake of hydrogen (total, weak and strongly chemisorbed) was determined by extrapolating the straight-line portion of isotherms to zero pressure. The surface area of the cobalt active phase was calculated assuming a commonly used chemisorption stoichiometry Co:H = 1:1 [25, 27] and the surface area occupied by one atom of hydrogen equal to 0.065 nm [27] . The average size of cobalt crystallites was calculated assuming their spherical (or semi-spherical) shape, from the common Eq. (1):
where δ Co is the density of cobalt (g/cm 3 ) and S Co is the surface area of cobalt (m 2 /g Co ).
TEM Measurements
The catalysts (fresh, oxide form) were grinded in an agate mortar to fine powders. The resulting powder of each catalyst was poured with 99.8 % ethanol (POCH) to form slurry which subsequently was inserted into a ultrasonic homogenizer for 20 s. Then, the catalyst-containing slurry was pipetted and supported on a 200 mesh copper grid covered with lacey formvar and stabilized with carbon (Ted Pella Company) and left on a filter paper for ethanol evaporation.
The samples deposited on the grid were inserted to a singletilt holder and moved to the electron microscope.
The catalysts reduced in a fixed-bed reactor with hydrogen flow rate of 100 ml/min at 673 K were transferred in a closed reactor to a glovebox. The reactor was opened and the catalyst was prepared for TEM measurements in the glovebox filled with argon (it protected the catalyst from oxidation), and applied to the copper grid covered with lacey formvar and stabilized with carbon. Next, the each catalyst deposited on the grid was inserted into the vacuum transfer holder (Gatan); the holder was closed and the catalyst was transferred in argon atmosphere to the microscope. The high-resolution electron microscope Titan G2 60-300 kV (FEI Company), equipped with: the field emission gun
allows determining of crystallites size distribution and also to carry out morphological characteristics of crystallites, such as the shape and the structure [25] . The aim of this work is determination of the optimum temperature for hydrogen chemisorption and evaluation of correctness of the use of the total and strong chemisorption data to determine of the average size of cobalt-based active phase crystallites, supported on ceria. There was not previously shown whether, and to what extent, this support oxide, having a special previous mentioned properties, influences activation of hydrogen chemisorption and what the chemisorption temperature is necessary to obtain the average size of cobalt crystallites the most compatible with the crystallites size determined by the most objective transmission electron microscopy method (taking into account a statistically high number of crystallites measured). The influence of potassium promoter of ceria-supported cobalt-based catalyst on the optimal for this application hydrogen chemisorption temperature will be also determined. The results obtained by these two methods will be compared also with the values of the average size of crystallites obtained by the X-ray diffraction method.
Crystallites size of the cobalt-based active phase will be determined in the ceria-supported cobalt catalysts in which the active phase was promoted/unpromoted with 2 wt.% of potassium. Such catalysts are considered for the use in the SRE for production of hydrogen-rich gas for fuel cells fuelling.
Experimental

Catalyst Preparation
The Co/CeO 2 and KCo/CeO 2 catalysts were prepared by twostep impregnation of cerium oxide support. Prior to the impregnation ceria (Aldrich) was dried at 383 K for 3 h. For the first impregnation an aqueous solution of cobalt nitrate with citric acid CA (Co/CA = 1/1 mol/mol) were used. For the second impregnation, for the K-promoted catalyst an aqueous solution of potassium nitrate was used. After each impregnation, the catalyst precursor was dried at 383 K for 12 h, then calcined at 673 K with the heating rate of 2.2 K/min up to the calcination set point and maintained for 1 h at this temperature. Before all measurements the catalysts were reduced with hydrogen at 673 K for 1 h. The in situ XRD measurements confirmed complete reduction of cobalt oxide to metallic cobalt.
Hydrogen Chemisorption
Hydrogen adsorption isotherms were measured in a standard, commercial volumetric apparatus (Micromeritics, ASAP 2020C). The reactor was loaded with 0.9 g of the catalyst. Prior to the measurements, the catalysts were in-situ reduced in flowing hydrogen with the temperature programmed from
The elements mapping was carried out in the STEM mode by collecting point by point EDS spectrum of each of the corresponding pixels in the map. The collected maps were presented in the form of a matrix of colored pixels with the intensity corresponding to the amount of the element.
The size and shape of the particles in the fresh and reduced Co/CeO 2 and KCo/CeO 2 catalysts were determined by using the high resolution TEM (HRTEM) imaging and FFT. Phase separation (crystal lattice of the cerium oxide and crystal lattice of the active phase-for better distinguishing of support and active phase crystallites) was performed with the FFT by using a masking available in the Gatan DigitalMicrograph software package. On the basis of the FFT generated from HRTEM images of the fresh and reduced catalysts, individual phases with various crystallographic orientation derived from ceria support and as well (FEG), monochromator, three condenser lenses system, the objective lens system, image correction (C s -corrector), HAADF detector and EDS spectrometer (Energy Dispersive X-ray Spectroscopy) was used to display the catalysts. Microscopic studies of the catalysts were carried out at an accelerating voltage of the electron beam equal to 300 kV for the catalysts in the oxide and reduced forms. the fresh (oxide) samples and at 673 K (reduced samples) with Empyrean (PANalytical) X-ray diffractometer, using CuKα radiation (λ= 1.54 × 10 −10 m). The analyses were recorded in the 2θ range between 10° and 110°. For measurements at 303 K the average crystallites size of cobalt oxide was calculated from the Scherrer equation [38] using the Co 3 O 4 (311) peak located at 2θ = 36.8°. The metallic cobalt particles size in reduced catalysts was also calculated from Scherrer formula using the Co (002) peak located at 2θ = 44.3°. A standard crystal of cerium oxide was used as a reference material for determination of the instrumental line broadening.
Results and Discussion
TEM Characterization of Fresh and Reduced
Catalysts Figure 1 shows SEM images of (a) Co/CeO 2 and (c) KCo/CeO 2 catalysts and qualitative EDS spectra (b and d, respectively), collected from the fresh (in oxide form) catalysts. In Table 1 Qualitative and quantitative contents of main elements in the catalysts were determined from EDS spectra collected by using the FEI Quanta 3D FEG scanning electron microscope, equipped with the EDS spectrometer.
XRD Measurements
Before XRD measurements, the catalysts were in-situ reduced at 673 K in hydrogen flow rate of 100 ml/min in the XRK 900 reactor chamber (Anton Paar). X-ray diffraction patterns were collected at two temperatures, at 303 K for the K-unpromoted catalyst. Additionally, the EDS map of potassium indicates that it is dispersed both on cobalt and on ceria phases. The same microscopic measurements were applied to determine phases present in both K-promoted and unpromoted catalysts in their reduced form (Fig. 4) . The phase which originates from the support was identified as CeO 2 with interplanar distances 3.12, 2.70, 1.91 and 1.63 Å corresponding to the crystal planes (111), (200), (220) and (311), respectively. The cobalt active phase was found as Co 0 with interplanar distances 1.92 and 2.03 Å corresponding to the crystal planes (101) and (002), respectively. On the basis of the phases separation generated from the masking process, metallic cobalt was distinguished from the support and its crystallite size distributions was determined for both reduced catalysts. The average size of cobalt-based crystallites in the unpromoted reduced catalyst was 4.9 nm while in the K-promoted reduced catalyst this value was equal to 12.2 nm. The increase of crystallites size after reduction at 673 K (from 7.0 nm for the oxide form to 12.2 nm for the reduced form) was observed only for the catalyst promoted with potassium. It suggests that the addition of potassium favours sintering of Co crystallites. The reduction of the unpromoted catalyst caused decreasing of the crystallites size from 7.3 nm (oxide form) to 4.9 nm (reduced form). The ratio of the average crystallites size (d) of the active phase in reduced form (Co) to the oxidized form (Co 3 O 4 ) is equal 0.7 for unpromoted catalyst. For K-promoted catalyst this ratio is equal 1.7. determined: 9.44 ± 0.29 wt.%, and for the fresh KCo/CeO 2 catalyst the following contents of elements were determined: 8.94 ± 0.28 wt.% of cobalt and 1.93 ± 0.10 wt.% of potassium.
Among of the facets identified on the basis of the FFT in the fresh Co/CeO 2 and KCo/CeO 2 catalysts (Fig. 2) , the facets originating from the CeO 2 support with interplanar distances 3.12, 2.70, 1.91, 1.63 Å and crystallographic orientations (111), (200), (220), (311) and the facets originating from the active phase in the oxide form (Co 3 O 4 ) with interplanar distances 2.44, 2.85 Å and crystallographic orientations (311), (220) were found. The average crystallites size of the oxide cobalt-based active phase in the unpromoted fresh catalyst was 7.3 nm while in the K-promoted fresh catalyst this value was equal to 7.0 nm.
STEM-EDS analysis (Fig. 3a) shows a good dispersion of cobalt (Co, Ce + Co maps) and very good dispersion of potassium (K map) in the fresh KCo/CeO 2 catalyst. Similar dispersion of elements (not show here) was found in Table 2 Comparison of the average size of crystallites determined by TEM, XRD and hydrogen chemisorption for fresh and reduced (at unpromoted and K-promoted catalysts are comparable with those determined on the basis of the TEM measurements. Also, the XRD studies showed that in the KCo/CeO 2 catalyst the crystallites size of the cobalt active phase in oxide form (Co 3 O 4 ) is much smaller than the size of crystallites in metallic form (after hydrogen reduction at 673 K). An increase in the crystallites size of the active phase, from 7.1 nm for oxidized form Co 3 O 4 to 15.2 nm-for metallic cobalt form, was observed. Whereas, for the unpromoted catalyst (Co/CeO 2 ) such significant change in the size of crystallites was not seen (oxide form 7.4 nm, reduced form 7.8 nm).
The analysis of X-ray diffraction data is known as a simple and rapid, however the results obtained for reduced catalysts were in contrast to those obtained from TEM measurements and the determined size of crystallites was not STEM-EDS analysis of reduced KCo/CeO 2 catalyst (Fig. 3b) shows good dispersion of metallic cobalt (Co, Ce + Co maps) and very good dispersion of potassium (K map). The comparison of cobalt distribution maps obtained for the fresh (Fig. 3a) and reduced (Fig. 3b) potassiumpromoted catalysts confirms that the crystallites size of the active phase increases after reduction. In the case of unpromoted catalyst, the decreasing of the size of cobalt-based phase due to the reduction was also confirmed by STEM-EDS analysis (not show here).
X-ray Study of Crystallites Size
The crystallites sizes of the cobalt-based active phase determined on the basis of the X-ray measurements (Fig. 5) are presented in Table 2 . Cobalt oxide crystallites sizes in both temperatures. There were two adsorption isotherms recorded in each experiment, the first one includes the total hydrogen adsorption and the second one includes only weak hydrogen adsorption. The difference between these two adsorption isotherms indicates the amount of a strong hydrogen adsorption on the cobalt catalysts [39] .
The amounts of the total and weak hydrogen chemisorbed and the difference between total chemisorption and weak chemisorption, i.e. hydrogen strongly chemisorbed, at each measurement temperature, for both catalysts are presented in Fig. 7 . For both catalysts, in the lower temperatures range the increase of the temperature causes simultaneously increase of the total, weak and strong chemisorption. The maximum of the total chemisorption was obtained at 383 K for the Co/CeO 2 catalyst and at 413 K in the case of KCo/CeO 2 catalyst. In the case of the strong very accurate. This incompatibility may results from inherent limitations in the peak profile analysis of the XRD data with the use of a width of the peak at the half of its maximum, what excludes very small crystallites from XRD data analysis [25] . Figure 6 shows the total and weak hydrogen chemisorption isotherms on the Co/CeO 2 and KCo/CeO 2 catalysts prereduced in-situ at 673 K and measured in the range of the temperature from 313 to 433 or 453 K. With the increased temperature the isotherms become linear at lower equilibrium pressures for both samples and the amount of chemisorbed hydrogen initially increases, then goes through a maximum and finally it decreases a little at the highest Fig. 7 Total, weak and strong hydrogen chemisorption over a Co/CeO 2 and b KCo/CeO 2 catalysts, measured at various temperatures adsorption or the temperature-programmed desorption methods, where weakly chemisorbed hydrogen is removed from the metal surface by an inert gas before desorption measurements.
Hydrogen Chemisorption Studies
Conclusions
Comparison of the average size of the cobalt-based crystallites measured by TEM, hydrogen chemisorption and XRD methods proved that the good agreement between values obtained from total chemisorption and TEM data is possible. The total hydrogen uptake on the potassium-free catalyst, measured at 383 K, leads to the estimation of the size of crystallites compatible with the values measured by the most objective, microscopic method. When potassium is present in the catalyst, the optimum of hydrogen chemisorption temperature is higher by c.a. 30 K, i.e. 413 K.
The average size of cobalt-based crystallites estimated from XRD data is congruous with that measured by the TEM method only in the case when among crystallites there are no very small ones.
chemisorption the maximum of hydrogen uptake was at 373 K for both samples. Above the temperature of maxima of hydrogen chemisorption a small decline of the total and very clear decline of strongly adsorbed hydrogen amounts were observed. In the whole range of temperatures, weak chemisorption increased almost linearly. Figure 8 shows the average crystallites size of metal active phase determined (calculated) on the basis of the total and strong chemisorption for Co/CeO 2 and KCo/CeO 2 catalysts. The lowest crystallites size of 6.5 nm for the Co/CeO 2 catalyst and 34 nm for the KCo/CeO 2 catalyst was determined from the strongly chemisorbed hydrogen uptake at 373 K. Below and above this chemisorption temperature the calculated crystallites sizes are much larger. In the case of the total amount of chemisorbed hydrogen, the lowest average size of cobalt-based crystallites in the unpromoted Co/CeO 2 catalyst, i.e. 4.1 nm, was calculated using the hydrogen chemisorption uptake obtained at 383 K. For the potassium-promoted KCo/CeO 2 catalyst, the smallest average size of cobalt crystallites was determined from the total chemisorption of hydrogen data obtained at 413 K. Using the total hydrogen uptake from lower temperatures the calculated average crystallites size is much higher. Above indicated temperatures of chemisorption the calculated crystallites size does not differ significantly from those obtained from maximum hydrogen uptake data. The hydrogen chemisorption studies show also that in the case of the catalyst promoted with potassium the higher temperature of hydrogen chemisorption is required to obtain the smallest crystallites size of the cobalt-based active phase.
Our comparative studies on determination of cobalt crystallites size by various methods, such as TEM, XRD and hydrogen chemisorption, show a very good correlation of results obtained with TEM and hydrogen chemisorption methods, when the total hydrogen chemisorption data obtained at 383 K (or at 413 K when the catalyst is promoted with potassium) are used for determination of the dispersion of cobalt-based active phase (Table 2) .
Such temperature conditions used for hydrogen chemisorption and the total hydrogen uptake should be used for determination of the average size of cobalt-based crystallites by using of hydrogen chemisorption data. Because the difference in the size of crystallites in the unpromoted and K-promoted catalysts estimated from the hydrogen chemisorption data obtained at 383 and 413 K is very small (Fig. 8) for routine studies of large number of potassiumfree and potassium-promoted catalysts, the chemisorption temperature from the range of 383-413 K may be also acceptable. Our results also clearly prove that the average size of cobalt crystallites determined from strongly chemisorbed hydrogen uptake is overestimated. This may be also the case of the flow adsorption methods, i.e. the pulse
